Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used for their anti-inflammatory, analgesic, and antipyretic effects. NSAIDs generally work by blocking the production of prostaglandins (PGs) through the inhibition of two cyclooxygenase enzymes. PGs are key factors in many cellular processes, such as gastrointestinal cytoprotection, hemostasis and thrombosis, inflammation, renal hemodynamics, turnover of cartilage, and angiogenesis. Interest has grown in the various effects of NSAIDs during the last decade. Epidemiological studies have revealed the reduced risk of several cancer types and neurodegenerative diseases by prolonged use of NSAIDs. Recent advances in the understanding of the cellular and molecular mechanisms of NSAIDs will accelerate the processes of discovery and clinical implementation. This review summarizes the molecular mechanisms of NSAIDs on the body systems.
Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most prescribed drugs worldwide. It is estimated that 30 million people/day around the world take NSAIDs [1] . These drugs are used due to their potent analgesic, anti-inflammatory, and antipyretic effects. Inhibition of cyclooxygenase (COX) enzyme, which takes part in the biosynthesis of prostaglandins (PGs) and thromboxane (TX), is the mechanism of action of NSAIDs [2] . PGs and TXs are important mediators of fever, pain, and inflammation. Inflammation has a major role in the pathophysiology of various diseases. NSAIDs affect the synthesis and action of inflammatory mediators including PGs, coagulation cascade-derived peptides, interleukin (IL)-2, IL-6, and tumor necrosis factor (TNF). The synthesis of prostanoids that are produced from arachidonic acid causes inflammatory pain [3] . Arachidonic acid mainly exists as esterified phosphatidylcholine and phosphatidylethanolamine phospholipid forms in the membranes. It is released from the cell membrane by phospholipase A 2 (PLA 2 ), which is the overall rate-limiting step for eicosanoids. There are two isoforms of PLA 2 classified as secretory and cytoplasmic. This multiple isoform existence allows for various biological responses for different tissues. PLA 2 isoforms can be stimulated by TNF-α, granulocyte-macrophage colony-stimulating factor, interferon (IFN), and various growth factors, such as mitogen-activated protein kinase (MAPK) and phosphokinase C. COX enzymes convert arachidonic acid to PGs, prostacyclins, and TXs. The first member of this cascade starts with the formation of PGG 2 then PGH 2 . PGH 2 is converted into various PG isoforms, such as PGE 2 , PGD 2 , PGF 2alpha , PGI 2 , or TXA 2 via tissue-specific isomerases. In another pathway, arachidonic acid is converted into leukotrienes by three forms of lipoxygenases (5-LOX, 12-LOX, and 15-LOX) ( Figure 1 ). Various types of cells produce leukotrienes including mast cells, white blood cells (leukocytes, which give the compounds their names), brain, lung, spleen, and heart. 12-LOX and 15-LOX play roles in the production of lipoxins.
There are three isoforms of COX enzyme, namely COX-1, COX-2, and COX-3. Human chromosome 9 (loci 9q32-33.3 and 1q25.2-25.3) contains COX-1 coding gene, and chromosome 1 has COX-2 coding gene [4] . COX-3 is the product of the same gene, such as COX-1, which is expressed in the spinal cord and cerebral cortex and is found in the endothelial cells, monocytes, and heart in smaller quantities. It may play a role in the perception of pain, but its function is
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Caner Gunaydin , S. Sirri Bilge not fully understood yet. COX-1 and COX-2 are also called PGG/H synthase 1 and PGG/H synthase 2. COX-1 is found in the platelets, blood vessels, mesothelial cells, stomach, kidneys, and other tissues [5] . It is a constitutive enzyme and participates in the production of prostanoids that adjust physiologic processes (e.g., hemostasis). Generally, it has non-inducible capacity, but human chorionic gonadotropin can upregulate COX-1 expression in amniotic fluid. COX-2, an inducible form of COX, is present in inflamed tissues through stimulation by cytokines, lipopolysaccharide (LPS), and TNF-α, and protein expression increases up to 80% upon induction. It can also be found in healthy organs in smaller quantities, including the kidneys [6].
NSAIDs act in many different events in the cells. In addition, some NSAIDs participate in calcium-mediated intracellular response, suppression of free radicals and superoxide, downregulation of the production of IL-1, and inhibition of chemotaxis [7] . Arachidonic acid metabolism that is inhibited by NSAIDs also regulates Rho/Rho kinase pathway directly [8] . Consequently, Rho/Rho kinase pathway regulatory pathway of survival, cytoskeleton, and actin-myosin interaction could be intervened with NSAIDs that can explain more mechanism of intercellular responses. Certain NSAIDs can bind to members of the peroxisome proliferatoractivated receptor (PPAR) family and other intracellular receptors and activate them. Activation of PPAR is believed to moderate anti-inflammatory activities. More accordingly, a study about nimesulide, which is also a COX-2 inhibitor, showed that PPAR-δ activity that mediated through COX-2 and further 15d-PGJ 2 suppresses hepatic inflammation [9] . NSAIDs have also been shown to increase heat shock protein (HSP) response [10] . Although NSAIDs exert their effects on COX pathways, there are many studies about their effects on more complicated mechanisms. The first evidence about these mechanisms emanating from acetylsalicylic acid reported nuclear factor-kappa beta (NF-κB) inhibition [11, 12] . Studies also showed that indomethacin, aspirin, and phenylbutazone enhance TNF-α release induced by LPS [13] . Moreover, in their study, they also showed that phenylbutazone, sulindac, and acetylsalicylic acid significantly increase nitric oxide (NO) release.
Effects of NSAIDs on Systems
Central nervous system PGs have been found in many regions of the brain. NSAIDs have anti-pyretic and analgesic effects in humans and animals. These activities are thought to be the result of the inhibition of PG formation in the central nervous system (CNS). Most of the COX-1 is in the microglia, though it has been found in the hippocampal and cerebral cortical neurons as well. Although it is clear that COX-3 is expressed abundantly in the cerebral cortex, its enzymatic activity has not yet been elucidated. In contrast to most tissues, inducible COX-2 is also constitutively expressed in the cervical lumbar sections of the spinal cord and several brain regions, such as the cerebral cortex, hippocampus, and amygdala in discrete populations of neurons and but not in glia. COX-1 expression at the spinal level is not wide-ranging and is localized in the cytoplasm of glial cells [14, 15] .
NSAIDs are thought to delay the onset of Alzheimer' s disease. COX-2 inhibition interferes with β-amyloid cascade that mediates the suppression of memory and synaptic plasticity. According to data, selective COX-2 inhibitors may have protective effects against Alzheimer' s disease by reducing PGE 2 response at synapses due to COX-2 inhibition [15] . PPAR-γ activation that mediated through 15-deoxy PGJ 2 also inhibits LPS-stimulated inducible nitric oxide synthase expression and TNF-α production as well as IFN-γ-induced expression of major histocompatibility complex class II antigens, by preventing the activation of the transcription factors signal transducer and activator of transcription 1 and NF-κB, which is also a regulator of microglial inflammation and functions. In animal models, treatment with ibuprofen or indomethacin reduced microglial activation, with a concomitant reduction in amyloid β (Aβ) plaques and inflammatory markers. Activation of PPAR-γ inhibits the Aβ-stimulated activation of the microglia and monocytes and their neurotoxic products. PPAR-γ agonists act to inhibit the Aβ-stimulated expression of IL-6 and TNF-α [16] .
On the other hand, NSAIDs inhibit gamma secretase activity, reducing the formation and accumulation of Aβ in animal models and neurodegeneration [17] . In addition, they modulate microglial phagocytosis, contribute to plaque and debris removal and to lower plaque burden and gliosis, and had seen longterm NSAID treatment [18, 19] . In vitro study evaluating the effects on microglial activation of opsonization of Aβ deposits with anti-Aβ IgG (immunoglobulin G), as a strategy to enhance microglial clearance of Aβ deposits, indomethacin had negligible effects on microglial migration and phagocytosis of Aβ, but it did significantly inhibit microglial secretion of IL-6 following opsonization [20] . Another possible mechanism about PGs in Alzheimer' s disease, PGE 2 production elevated in the early stages of pathology. This also indicates PGE production of several inflammation molecules, such as IL-6 and chemokines [16] .
Two meta-analyses have been published about the useful effects of COX-2 inhibitors in schizophrenia. NSAIDs are thought to have beneficial effects in the prevention of Parkinson' s disease since neuroinflammation can have important an role in the neurodegeneration associated with Parkinson' s disease [21] .
Fever is a complex response triggered by inflammatory and infectious diseases. It generally occurs when peripheral endogenous pyrogens come into contact with the hypothalamus. Having a cytokine structure, these pyrogens are generally synthesized by leukocytes and other cells, the most well-known of which are TNF-α, IL-1 β, and IL-6. They can be synthesized in the CNS as well. The preoptic area is near the rostral hypothalamus and is important in controlling thermoregulation. Specialized cells, called temperature-sensitive neurons, regulate thermoneutral set point temperature [22] . Pyrogens cause an increase in set point temperatures, and fever occurs [23] . In febrile response, these pyrogens are not the final mediators. These cytokines induce COX-2 production that increases the synthesis of PGs. These prostanoids adjust hypothalamic temperature control by increasing heat production. The mechanism of action of antipyretics is based on reducing PG production. Alleviation of discomfort, prevention of febrile seizures, reduction of cognitive impairment, and reduction of morbidity and mortality are among the reasons why antipyretics are used [24] .
Gastrointestinal system PGI 2 and PGE 2 inhibit gastric acid secretion and have vasodilator effects on the vessels of the gastric mucosa. PGs also stimulate mucus secretion. On the other hand, NSAIDs could inhibit PG-mediated effects on the gastrointestinal tract. This effect includes the inhibition of mucin production, HCO 3 secretion, and mucosal proliferation. NSAIDs can cause gastrointestinal damage due to the deterioration of this mechanism [25] . This injurious effects can be caused by PG or non-PG-mediated mechanisms. Several studies suggested that increased endothelin-converting enzyme, NO hydrogen sulfide, IL-1β, and calcitonin gene-related peptide (CGRP) and decreased constitutive nitric oxide synthase and polyamines support NSAID-mediated non-PGdependent injurious mechanism [26] . However, this effect can be seen in supratheurapeutic concentrations of NSAIDs.
COX-1 inhibition by the use of NSAIDs causes gastric hypermotility. This mechanism is unclear but could assume restricted blood flow with high amplitude, resulting in tissue hypoxia and microvascular damage. Gastric lesion that formed eventually because of increased mucosal permeability and myeloperoxidase activity comes up with this enhanced gastric hypermotility [26] . NSAIDs have been shown to upregulate various stress proteins in in vitro and in vivo studies including heat shock protein 72 (HSP-72), glucose-regulated protein 78 (GRP-78), and HO-1 (Heme oxygenase-1, also known as HSP-32) [27] . Stress proteins protect the gastric mucosa from NSAID-induced apoptosis and may therefore play an important role in NSAID-induced cytoprotection and adaptive gastroprotection when PGs are suppressed [26] .
Urinary system
NSAIDs can inhibit both constitutive COX-1 in the kidney and intravascular volume-dependent inducible COX-2. Apart from glomerular filtration rate and renal hemodynamics dependence on COX-1, salt and water excretion is mainly under control of COX-2. PGE 2 , which is the product of COX-induced reaction, controls NaCl transport in the loop of Henle and modulates water transport. PGI 2 , which is also the product of the same reaction, modulates glomerular filtration rate and renin release. It is already known that COX-2 activates the renin system, but increased activity of the renin system inhibits COX-2. Additionally, PGI 2 and PGE 2 increase potassium secretion, sensing NaCl concentration at the distal end of the loop of Henle serves tubuloglomerular feedback, thus both of these effects are modulated by PG, which is derived from the macula densa. Angiotensin-converting enzyme inhibitors and angiotensin II receptor antagonists that interfere with the angiotensin cascade increase the expression of COX-2 in the kidney [28] . In addition, MAPK and p38 regulate the COX-2 expression in the renal cortex [29] . Consequently, partial mechanism of NSAID on sodium and water retention is mediated through PGE 2 and PGI 2 .
Several studies have investigated the role of COX enzymes and the relationship with glomerular diseases. Monocyte chemoattractant protein-1 (MCP-1) is expressed in animals and humans with glomerulonephritis. Endogenous PGs can reduce MCP-1 expression, which is primarily involved in monocyte/macrophage infiltration, suggesting a role for COX-1 and COX-2 enzymes in renal inflammation. In addition, it has been shown that NSAIDs, especially indomethacin, have a potential in different types of glomerulonephritis and nephrotic syndrome [30] . A study about indomethacin in podocytes also showed that inhibition of inflammatory response, which is dependent on TNF-α, triggers the activation of NF-κB [31] .
COXs are locally produced in numerous sites in the kidney. It is already known that COX-1, which assumes PGE 2 , is primarily synthesized in the tubules, whereas the glomeruli synthesize both PGE 2 and PGI 2 . PGE 2 plays a role in modulating vasopressin effects on the reabsorption of water in the collecting duct system of the kidneys. PGs play essential roles in the regulation of renal hemodynamic, renin release, as well as water and salt balance [32] . Renal PGs predominantly have vasodilator effects on the kidneys. On the other hand, PGs are increased to maintain renal perfusion and reduce ischemia in case of hypotension and reduced renal perfusion due to vasoconstriction stimulated by norepinephrine, angiotensin II, vasopressin, or endothelin [33] . The most common renal effect of NSAIDs is increased sodium reabsorption that causes peripheral edema through the inhibition of PGE 2 . NSAID-caused electrolyte imbalance is not fed to sodium though; inhibition of PG biosynthesis in the kidneys causes hyperkalemia as well. The decrease in renal blood flow due to NSAID may result in kidney failure [34] . Longterm NSAID consumption can induce analgesic nephropathy, which is identified by chronic nephritis and renal papillary necrosis.
Cardiovascular system
PGs and TXs are essential in vascular function. In normal conditions, COX-dependent vasodilators, such as PGI 2 , regulate vascular tone. Nonetheless, COX-dependent vasoconstriction (triggered by TX and/or its precursor, PGH 2 ) takes part in some vascular pathologies including cerebral ischemia, diabetes, systemic hypertension, and aging [35] .
The fact that NSAIDs inhibit PGs may affect cardiovascular regulation. PGE 2 and PGI 2 are shown to have glomerular vasodilatory effects in the kidney. PGE 2 has direct natriuretic effects. Inhibition of the synthesis of PGs by NSAIDs may cause sodium and water retention and worsen hypertension [36] . Selective COX inhibitors can induce thrombosis risk due to decreased synthesis of PGI 2 , which plays a critical role in vasodilation and platelet inhibition in endothelial cells. Consequently, imbalance can occur between PGI 2 and TXA 2 that is a vasoconstrictive substance and contribute to platelet aggregation and thrombus formation. TXA 2 is released from platelets and plays a role in aggregation, whereas PGI 2 is released from the endothelium and plays a role in the inhibition of aggregation.
Aspirin inhibits platelet aggregation by blocking not only COX enzyme but also synthesis of TXA 2 and PGI 2 . Although aspirin inhibits TXA 2 synthesis in low doses (100 mg), it inhibits both TXA 2 and PGI 2 in high doses. Moreover, the inhibition of platelet aggregation by aspirin may inhibit the release of certain platelet-associated substances in the venous circulation, including fibrinogen, platelet factors III and IV, von Willebrand factor, factors V and XIII, thrombospondin, serotonin, and calcium ions among other substances that aid with the improvement of venous thrombosis, and COX-2 selective NSAIDs have little or no role on platelet function.
Bone metabolism
PGs take part in the control of osteoblast and osteoclast functions, and the inhibition of PG synthesis restrains bone formation [37] . They directly affect osteoclasts that lead to increased bone resorption by a mitogenic effect and increase their functional activity. They exert this range of action through a variety of receptors expressed. These receptors belong to the G protein-coupled receptor family and have four subtypes (EP1, EP2, EP3, and EP4) [38] . Although the role of each receptor is not fully explored, studies suggested that the PGE 2 binding to EP4 can stimulate osteoclastogenesis and osteoblastic differentiation, and animal models lacking the EP2 and EP4 receptors had defects in bone metabolism [39] Although all NSAIDs have similar effects, certain NSAIDs can modulate the behavior of osteoblasts, such as proliferation, differentiation, adhesion, and migration.
However, PGs may increase the multiplication and differentiation of osteoblasts and reveal anabolic effects on the bone (Ippokratis Pountos et al. [40] ). In bone tissue, local regulation of PGs is conducted through COX-2 activation [41] . On the contrary, PG' s exact mechanism on bone cells is considered intricate but, it was found that PGE 2 regulates bone morphogenetic protein-2 (BMP-2), BMP-7, and receptor activator of nuclear factor-kappa B ligand expression [42] , [38] . It can also increase cell numbers through suppression of apoptosis without direct effect on proliferation. There is also a theory about the inhibition of COX-2 deviating from the arachidonic acid cascade from lipoxygenase pathway that negatively affects bone healing [43] . This pathway negatively influences osteoblast proliferation and stimulation of osteoclast activity [43] COX-2 selective inhibitors also showed an increase in aggrecan and type II collagen mRNA levels that indicate chondrocyte differentiation and, consequently, failed to hypertrophy, which impeded the healing process of another mechanism [43] Studies about NSAIDs, well known as immunoregulators, on lymphocytes, potent immune elements, also showed a different regulation of cytokine production in human IFN-δ and IL-2. A randomized open label trial about cytokine concentration and signal transduction pathways in the synovial fluid also showed increased vascular endothelial growth factor, IL-6, and TNF-α concentrations. They also evaluated the effects of NSAIDs on MAPK, extracellular signal-regulated kinase (ERK), Jun kinase (JNK), p38, and RAS phosphorylation signal transduction pathways on the synovial membrane. However, they only tested NSAIDs on the highest doses and showed that NSAID treatment significantly inhibits ERK, JNK, p38, and RAS phosphorylation along with caspase-3 activation [44] . Studies with chemical-induced animal models of inflammation and open label trial on patients showed different cytokine modulation with NSAIDs. It should be noted that NSAIDs exert different effects, thus these cellular signal pathways need more research and clinical-based evidences.
Respiratory system
Inhibition of COX-1 causes a decrease in some PGs, which exert important regulatory effects on respiratory epithelial cells. Decreased PG production can induce leukotriene pathway, causing bronchoconstriction. When used in high doses, salicylates damage the process of oxidative phosphorylation, causing an increase in plasma carbon dioxide levels (COX-independent effects) followed by hyperventilation. Higher doses can result in depression of respiration.
A special case about COX inhibition on the respiratory system, which was named aspirinexacerbated respiratory disease consisting of asthma, aspirin sensitivity, and nasal polyps, came to be known as Samter' s triad. It is also known as NSAID-exacerbated disease, and the mechanism of this pathology is not clearly understood. Reduction of PGE 2 , a potent inhibitor of leukotriene pathway, by COX is considered as the mechanism responsible for the progression of the disease.
Cancer
In the research of various mechanisms about cancer progression and metastasis, antiinflammatory drugs are also investigated. Epidemiological studies have showed that the use of NSAID is inversely related to the incidence of some cancer types [45] . Long-term NSAID users who have colorectal cancer have showed lower mortality rates than non-NSAID users [46] . In addition, sulindac, ibuprofen, piroxicam, and aspirin have been shown to decrease the recurrence, incidence, mortality rate, and number of cancer cells in a significant manner. [47] , [28] . Some clinical trials for several malignancies have showed that selective COX-2 inhibitors, particularly celecoxib have potential cancer chemopreventive effect [48] .
The effects of NSAIDs on tumor inhibitions and prevention of metastasis have not been fully understood yet [49] . It is widely accepted that an extreme amount of the production of PGs and cytokines by tumors is associated with their metabolism, proliferation, angiogenesis, invasion ability, resistance to apoptosis, and suppression of antitumor immunity.
In tumorigenesis, transcriptional upregulation of the COX-2 gene in colorectal adenomas and carcinomas has been observed, although COX-1 is not affected [50] Upregulated COX-2 in colorectal carcinoma and, consequently, enhanced PGE 2 signaling via PGE-EP receptors is 3-4-fold higher than that in healthy tissue. It has been shown in other studies that PGE 2 inhibits apoptosis and stimulates tumor growth and angiogenesis via the activation of β-catenin/T-cell factor dependent transcription [51] . On the other hand, PPAR-δ, which inhibits tumorigenesis, is inhibited with sulindac and indomethacin.
The known inhibitory effects of cyclooxygenase pathways prompted the investigation on NSAIDs through COX-2 specific and non-COX pathway for cancer research. From these studies, the NF-κB pathway initially emerges. NF-κB activation is inhibited with acetylsalicylic acid without interfering gene transcription [52] . In addition, sulindac inhibits NF-κB pathway [53] . Another family of intercellular pathways, WNT pathway, which is associated with carcinogenesis, most notably that of colorectal cancer, can also be inhibited by sulindac [54] .
Generally, NSAIDs are used prevalently for their analgesic effects. Although cyclooxygenase inhibition is the main NSAIDs in use today, they are also associated with safety and tolerability concerns. However, further investigation of NSAID's mechanism of action disclosed complicated molecular pathways. It is important to understand which pathological pathways they are able to modulate and how these pathways interact with multiple targets. Molecular approaches may further enhance our understanding of the pathological pathways, improve the identification of risks, and aid in the design of novel treatment strategies. Several mechanisms are determined, but the remainder needs to be clarified. How can NSAIDs counter inflammation in other cellular pathways? Are NSAIDs the new research area for diseases with high mortality such as Alzheimer' s disease and cancer? Although this answers far away from our knowledge, the Financial Disclosure: The authors declare that this study has received no financial support.
